Abstract An improved delayed detached eddy simulation (IDDES) method based on the k-x-SST (shear stress transport) turbulence model was applied to predict the unsteady vortex breakdown past an 80°/65°double-delta wing (DDW), where the angles of attack (AOAs) range from 30°to 40°. Firstly, the IDDES model and the relative numerical methods were validated by simulating the massively separated flow around an NACA0021 straight wing at the AOA of 60°. The fluctuation properties of the lift and pressure coefficients were analyzed and compared with the available measurements. For the DDW case, the computations were compared with such measurements as the mean lift, drag, pitching moment, pressure coefficients and breakdown locations. Furthermore, the unsteady properties were investigated in detail, such as the frequencies of force and moments, pressure fluctuation on the upper surface, typical vortex breakdown patterns at three moments, and the distributions of kinetic turbulence energy at a stream wise section. Two dominated modes are observed, in which their Strouhal numbers are 1.0 at the AOAs of 30°, 32°and 34°and 0.7 at the AOAs of 36°, 38°and 40°. The breakdown vortex always moves upstream and downstream and its types change alternatively. Furthermore, the vortex can be identified as breakdown or not through the mean pressure, root mean square of pressure, or even through correlation analysis.
Introduction
Double-delta wings (DDW) are widely used in high maneuverability fighters, such as F-16, F-18, Su-27, and so on. To a great extent, their aerodynamic characteristics, especially the angle of sweep (AOS), are determined by the combination of the strake and main wings. The flows are typically unsteady when a vortex breakdown occurs at a high angle of attack (AOA). The interaction between the two main vortices on each side of the wing becomes intensive when the AOS is large enough. It can easily lead to an asymmetric vortex breakdown, or even a free rolling movement. The 80°/65°DDW is a representative example.
An early investigation of the rolling behavior of an 80°/65°D DW was reported by Pelletier and Nelson. 1 The dynamic rolling motions could be divided into three regions at different AOAs: damped oscillation, quasi-limit-cycle wing-rock motion and chaotic oscillations. He observed that the chaotic oscillations occurred when the AOA was greater than 34°. Tao et al. 2 also observed the same rolling motions past the same 80°/65°D DW as Pelletier did. They investigated the effects of Mach number and initial roll angle on the rolling motions. Sun et al. 3 tested the flow past this DDW in a wind tunnel at the China Aerodynamics Research and Development Center (CARDC). The force, moment and pressure coefficients, as well as flow visualization by smoke and particle image velocimetry (PIV) were obtained. From the flow visualization, it could be seen that the vortices which were detached from both the strake and the main wings twined together near the junction region. When the AOA was equal to 30°, the vortex breakdown occurred near the trailing edge; the vortex breakdown point moved upstream when the AOA increased; it occurred again at the junction region when the AOA was 40°. However, few reports are found about the unsteady characteristics of vortex breakdown and their effects on the aerodynamic force and pressure fluctuation of the DDW.
Liu et al. 4 simulated the flows past the 80°/65°DDW using both unsteady Reynolds-averaged Navier-Stokes (URANS) and delayed detached eddy simulation (DDES) methods, where DDES was only applied at the AOA of 40°. The aerodynamic force, distributions of pressure coefficients on the surface and the vortex breakdown point were obtained and the agreements with the measurements were good. The unsteady process of vortex breakdown and its effects on aerodynamic force and pressure fluctuations could be well simulated by DDES. The comparisons demonstrate that advanced DES-like methods are more suitable for simulating the characteristics of vortex breakdowns and resolving small-scale structures.
It is a great challenge to realize the accurate prediction of vortex breakdowns and massive separations at high Reynolds numbers for the DDW case. Large eddy simulation (LES) is a suitable turbulence model to predict the vortex breakdown. However, it is too expensive to accurately simulate high Reynolds flows. URANS is highly efficient but it cannot accurately capture the small-scale motions.
The combination of LES with RANS can achieve reasonably good results in terms of both accuracy and efficiency with limited computational resources when computing flows including unsteady vortex breakdown phenomena. The modeling strategy of turbulent flows, often referred to as RANS/LES hybrid models (such as DES based on Spalart-Allmaras 5 model, originally proposed by Spalart et al., 6 denoted as DES97), has recently become much favored in the study of the unsteady and geometry-dependent separated flows. Such hybrid methods combine a high-efficiency turbulence model near the wall, where the flow is dominated by small-scale motions, with a LES-type treatment for the large-scale motions in the flow region far away from the wall. It is a typical ''LES above RANS'' hybrid method.
Although DES97 is widely used, it has some deficiencies, such as erroneous activities of the near wall damping terms in the LES mode, incursion of LES mode inside the boundary layer, log-layer mismatch, grey area, and so on. Many of them have been successfully addressed in later revisions, such as DDES 7, 8 and improved-DDES (IDDES), 9,10 while some still remain. Xiao et al. [11] [12] [13] have reported the performances of advanced DES-type models, DDES and IDDES, for the tandem cylinders and the rudimentary landing gear for three years. At the same time, they also point out that the dissipation level of the numerical scheme is very important, even when coupling with the advanced DDES model. 13 The adaptive dissipation scheme can successfully simulate massive separation flows past tandem cylinders, while the widely used upwind Roe scheme greatly suppresses the generation of small-scale structures.
In this paper, an 80°/65°DDW is simulated and analyzed using the latest DES-type method, IDDES, with an adaptive dissipation scheme. The paper is arranged as follows: in Section 2, the turbulence simulation and numerical methods are briefly introduced; in Section 3, the flow past NACA0021 at the AOA of 60°is firstly simulated to validate the methods, which is one of the stepping test cases in the EU project, DESider;
14 then, the flow past the 80°/65°DDW is investigated in detail. The last section is the conclusions.
Turbulence simulation and numerical methods
To accurately resolve the unsteady vortex breakdown past the DDW, two issues are very important. One is the turbulence simulation model, and the other is the numerical scheme, especially the numerical dissipation level associated with the scheme employed. Furthermore, the combination of the advanced turbulence simulation methods and high order scheme with adaptive dissipation may be more important than either one alone. 
where q is the density, k the turbulent kinetic energy, t the time, u j the velocity, l the molecular viscosity, l t the turbulent viscosity, s ij the tensor of stress, and S ij the mean strain rate, the length scale of IDDES L IDDES can be defined as
Here, the length scales of When f e is equal to 0, L IDDES in Eq. (2) can be written as
and IDDES reverts to DDES-2006. 8 When f e is larger than zero andf d is equal to f B , L IDDES in Eq. (2) can be written as
and IDDES acts in the wall-modeled LES (WMLES) mode near the wall.
The detailed formulation of functions f B , f e , f dt , etc., can be found in the original reference. 10 
Numerical methods

Spatial scheme with adaptive dissipation
When LES is applied to simulate turbulent flows, the numerical dissipation should be low enough with very fine grids to resolve the appropriate turbulence scales. Then, the central scheme is always used. However, it often suffers from the spurious oscillation due to the coarse grid. The adaptive dissipation scheme, whose dissipation keeps as large as the original upwind scheme near the wall and in the irrotational region but becomes very small in the separation region, is an appropriate choice.
In this paper, a high order symmetric total variation diminishing (STVD) scheme based on the upwind Roe scheme, which combines a 6th order symmetric scheme and a 5th order weighted essentially non-oscillating interpolation (S6WENO5), 16 with adaptive dissipation, can successfully resolve the unsteady breakdown and massive separation. The reason for choosing the STVD scheme is that this algorithm allows one to independently control the dispersion and dissipation errors in the solution.
The inviscid flux of Navier-Stokes equations is given as
6th order center scheme In this subsection, the detailed formulations of the adaptive dissipation function / are not re-illustrated as they can be found in the references. 13, 17, 18 This approach of combining IDDES with the adaptive dissipation scheme is applied to the NACA0021 and DDW cases. Fig. 1 shows the distribution of the modeled eddy viscosity and the adaptive dissipation coefficient / past NACA0021 and the yOz plane of the DDW model. As shown in Fig. 1 , / is low enough in the separation region where the flow is dominated by turbulence. In the irrotational region and near the wall, / is close to unity, and the scheme reverts to the original S6WENO5 scheme.
Other numerical methods
Our in-house solver, unsteady Navier-Stokes equation solver, is applied to predict the unsteady vortex breakdown. The TKE k and specific dissipation rate x transport equations are solved, being decoupled with the mean flow equations. The approach is parallelized using domain-decomposition and message-passing-interface (MPI) strategies for the platform on computer clusters.
A modified fully implicit low-upper symmetric Gauss-Seidel (LU-SGS) method with Newton-like sub-iteration in pseudo time is taken as the time marching method when solving the mean flow and the turbulence model equations. Global non-dimensional time stepping is implemented to capture the unsteady properties of the vortex breakdown as well as the forces and moments and surface pressure fluctuations.
All the computations of IDDES start from the flow-fields solved by URANS.
Results and discussion
In this section, two cases are investigated. One is the massively separated flow past the NACA0021 straight wing at the AOA of 60°. The other is the vortex breakdown past the 80°/65°D DW at high incidences. For these two cases, the computations are compared with the available measurements.
NACA0021 at AOA of 60°T
his is one of the stepping stone cases in EU 6th framework project, DESider 14 (detached eddy simulation for industrial aerodynamics). It is used to validate the capability of the turbulence simulation model and numerics in this paper.
NACA0021 is a thick airfoil. The Mach number is 0.1, the Reynolds number based on the chord is 2.7 · 10 5 , where the chord c is 0.125 m, the AOA is 60°. Then, it is a typical bluff flow with massive separation. Fig. 2 presents the two-dimensional (2D) grid around NACA0021. It is an O-type grid in the xOy plane. The far-field boundary is about 30c. The grids in the wake are clustered to capture more structures. There are 187 and 121 grids in the circumferential and normal directions, respectively. The spanwise length is set as 4c and 161 points are distributed with equal spaces of 0.025c. The total cell number is about 3.6 million.
The normalized time step Dt * = DtU 1 /c is 0.02, which means that there are about 250 steps in a period of vortex shedding. U 1 is the velocity of freestream. The total statistical time is 200, which is about 40 cycles. Fig. 3 , in the figure, the spanwise length L z is set as 4c. From this figure it can be seen that the upper surface is almost fully separated, while the lower surface is almost attached. Due to the different spanwise lengths in the computation and experiment, IDDES underpredicts on the upper surface a little. The mean lift and drag coefficients (C L and C D ) and their 1st and 2nd order frequencies are listed in Table 1 , St is the Strouhal number. IDDES matches the measurements very well and the difference between them is less than 10%, which is in the error bound from DESider. For C L , the relative error is À1.3%; for C D , the relative error is À6.8%. The frequencies of the 1st and 2nd modes are the same as the measurements.
From the comparisons of the power spectral density (PSD), shown in Fig. 4 , the computations agree very well with the measurements in a wide range of frequencies. The 1st and 2nd modes, where the St are 0.2 and 0.4, respectively, are easily distinguished. At the same time, the computational amplitudes Fig. 4 Comparisons of the power spectral density. at the 1st and 2nd frequencies are almost the same as those of the measurements. The instantaneous vortex structures are shown in Fig. 5 . In this figure, the vorticity at the middle section and the Q-criterion are demonstrated to reveal the unsteady properties. From them, the flow is almost fully separated on the leeward side and it is almost attached on the windward side. At the same time, the shear layer and its instability can be found clearly.
DDW at high incidences
Brief description of the model
This DDW has two wings and a central body, where the sweepback angle are 80°for the strake wing and 65°for the main wing, respectively.
The free stream velocity is 40 m/s. The Reynolds number based on the mean aerodynamic chord (MAC) is 1.3 · 10 6 . In the experiments, the AOAs range from 0°to 60°. In the computations, the AOAs only range from 30°to 40°, where the unsteady vortex breakdown is the typical flow phenomenon.
The surface grids and the near-fields grids over the DDW model are presented in Fig. 6 . They are multi-block structured grids. The total cells are about 3.6 million. The non-dimensional time step is 0.02 and the total statistical time is about 170.
Mean flows
At high incidences, the instantaneous vortex breakdown points are oscillating upstream and downstream at the AOAs from 30°to 40°. Fig. 7 presents the time-averaged start points of vortex breakdown. From this figure, the vortex breakdown occurs more in the upstream with the increase of the AOA. When the AOA is 30°, the breakdown point in the streamwise direction is about x/c = 2.0. When the AOA is 40°, the breakdown point is about x/c = 0.9, where it approaches the junction of the front and the main wings. Fig. 8 presents the distribution of pressure coefficients C p on the upper surface at several AOAs. The low-pressure region can reflect the locations of the vortex. Corresponding to Fig. 7 , the vortex breakdown moves upstream with the increase of AOAs. At the AOA of 34°, the pressure coefficients demonstrate a little asymmetry. The vortices on the left and right sides possibly encounter asymmetric breakdowns. The start point of vortex breakdown at this AOA in Fig. 7 is averaged by those on both sides.
From 30°to 40°, the comparisons of the C p on the upper surface at the section of x/c = 1.52, which corresponds to 70% of the root chord, are presented in Fig. 9 . From the comparisons, IDDES can well match the measurements. When the AOAs are 30°and 32°, the peak of C p existence indicates that the vortex does not encounter breakdown at this section. When the AOAs are 38°and 40°, the peak of C p disappears and then the pressure coefficients in the spanwise direction are almost the same, which indicates that the vortex breakdown is fully definite.
The time-averaged lift, drag and pitching moment coefficients, C L , C D and C m,z, are compared with measurements, shown in Fig. 10 . From this figures, the computations match the measurements well.
(1) Coefficients C L become larger with the increase of the AOA, until 30°. When the AOA is greater than 36°, the C L decrease with the increase of the AOA. The computational C L are a little larger than those from the experiments, when the AOA is greater than 38°. The AOA of maximum lift C L;max in computations is at 38°, while it is at 34°in experiments. This difference is possibly caused by the different vortex breakdown points. (2) From the comparisons of coefficients C D , the computations agree with the measurements very well between 30°a nd 36°. When the AOAs are 38°and 40°, IDDES over predicts a little. (3) From the comparisons of pitching moments coefficients C m,z , the computations are almost the same as the measurements. It indicates that the distributions of pressure on the surface are highly consistent with the measurements.
Unsteady flows
The vortex breakdown is an intensely unsteady phenomenon, which possibly leads to the fluctuation of aerodynamic force and moment coefficients. Table 2 Numerical investigation of unsteady vortex breakdown past 80°/65°double-delta wing is defined as fU/c. It is about 1.0 at the AOAs of 30°, 32°and 34°, and then it becomes about 0.7 when the AOA ranges from 36°to 40°. Meanwhile, the St of lift, drag and pitching moment at the same AOA are very similar. Instantaneous, root mean square (RMS) and power spectral density of C m,x are shown in Fig. 11 . The RMS of C m,x becomes larger with the increase of the AOA, as shown in Fig. 11(d) . It indicates that the unsteadiness of the vortex breakdown becomes more obvious at larger AOAs. For example, C m,x,rms at 40°is about twice as large as that at 34°. The comparisons of PSD of C m,x at three typical incidences, 30°, 34°and 40°, are also presented in this Fig. 11(e) . When the AOA is larger, the main frequency becomes smaller and the amplitude becomes larger.
The distributions of RMS of pressure coefficients C p,rms on the upper surface at several AOAs are presented in Fig. 12 . C p,rms can reflect the level of the pressure fluctuations. In a certain sense, the high C p,rms regions can also reflect the vortex breakdown regions. At the same time, the high C p,rms regions move upstream with the increase of the AOAs. Unlike the mean C p , the C p,rms demonstrate approximate asymmetry at most of AOAs.
In fact, asymmetry is always demonstrated by the instantaneous vortex breakdown on the left and right sides, whereas the mean pressure coefficients are nearly symmetric on the upper surface. Two types of vortex breakdown have been observed in many references. 18, 19 The same or different type of vortex breakdown occurs on both sides at the same time, and the type of vortex breakdown transforms to each other on one side, which is commonly reported in experiments 19, 20 but scarcely by numerical simulation. Fig. 13 presents three typical vortex breakdown patterns through the spatial streamlines and the Q-criterion at the AOA of 38°. At one moment, the vortices encounter a bubble type of breakdown on both sides, shown in Fig. 13(a) . At another moment, the vortices encounter a spiral type of breakdown on both sides, shown in Fig. 13(c) . At some moments, the vortices encounter the bubble and spiral types of breakdown on each side, shown in Fig. 13(b) . Either when the bubble or spiral type breakdown occurs, spiral vortex shedding after the breakdown point can be found, and the shedding direction is consistent with the main vortex rolling up. From these figures, we find that the high C p,rms regions lie a little upstream of the vortex breakdown point. Fig. 11 Instantaneous, root mean square and power spectral density of C m,x .
The relationship among the vortex, C p,rms , TKE and the normal Reynolds stress at the AOA of 30°is demonstrated in Fig. 14 . The streamwise section is x/c = 1.6, which corresponds to the maximum of the C p,rms coefficients. From the spanwise C p,rms , three relatively high C p,rms regions can be easily found, labeled as p 1 , p 2 and p 3 , respectively. p 1 corresponds to the horseshoe vortex near the junction of the central body and the wing; p 2 corresponds to the unsteady interactions between the main vortex and the upper surface; and p 3 corresponds to the reattachment of the main vortex. The regions of maxima of TKE and u 0 u 0 are almost the same as the vortex core. From this figure, the streamwise Reynolds stress is much larger than that of spanwise and normal components.
A sample point near the trailing edge, called Point A (x/c = 2.155, y/c = 0.003 and z/c = À0.593), which is sufficiently far away from the vortex breakdown point, is used to detect and analyze the frequency and amplitude of the vortex breakdown. The main frequencies at several AOAs are listed in Table 3 . The St at Point A are almost the same as those of the forces and moments. It indicates that the primary frequencies of the force are possibly caused by the shedding of spiral vortex.
The weak asymmetry is also detected by comparing the sound pressure level (SPL) at Points A and B, which is the mirror point of Point A. The comparisons of PSD on Points A and B at 34°and 40°are presented in Fig. 15 . As analyzed before, at the AOA of 34°, the flow is a little asymmetric. The primary frequencies and SPLs on Points A and B are a little different. On Point A, the St of the primary frequency is about 1.01 and the St of the primary frequency on Point B is about 0.75. At the AOA of 40°, the primary frequencies and SPLs on Points A and B look almost the same. Whereas the instantaneous flow is asymmetric, the mean flow is nearly symmetric at the AOA of 40°.
Ten samples are labeled on the upper surface at the same side, whose streamwise coordinates are listed in Table 4 . The locations change between the strake wing (x/c = 0-0.67) and the main wing (x/c = 0.67-2.17). They can be used to record the mixing of the vortices detached from the two wings, the oscillations of the breakdown point and shedding of spiral vortex.
The correlation coefficient on pressure fluctuations is defined below:
where p 0 i is the pulse quantity of pressure. The coefficients of R pp in the streamwise direction at several incidences are presented in Fig. 16 .
According to the values of R pp , the flows above the upper surface can be divided into three sections. The first section is dominated by the vortex from the strake wing, where R pp is near one. R pp decreases in the second section, but it remains positive, because of the interactions of the two vortices from the front and the main wings. In the third section, R pp is close to or less than zero. The breakdown point is oscillating or the vortex encounters breakdown. The locations where R pp is zero or negative always correspond to the mean vortex breakdown points, as shown in Fig. 7 . 
Conclusions
IDDES combined with an adaptive dissipation scheme is applied to simulate the unsteady flows of the vortex breakdown flow around 80°/65°DDW at several high angles of attack. The methods are firstly validated through simulating the flows past a NACA0021 straight wing at the AOA of 60°. The computations agree with experimental data very well. The relative error of the force coefficients is below 7%. The computational primary and secondary frequencies are the same as the measurements. For the DDW case:
(1) The computations match well with measurements in the mean coefficients of pressure, lift, drag and pitching moment. Xiao Zhixiang is an associated professor of aerodynamics in the School of Aerospace, Tsinghua University. In recent years, he has engaged himself in simulating the unsteady turbulences through developing RANS/LES hybrid methods or direct numerical simulation and relative numerics. 
